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INTRODUCTION 
Within the past thirty-five years flavin-containing 
materials from natural sources have been studied intensively* 
These studies have resulted in knowledge of a number of enzymes, 
which function in nature by assisting oxidation-reduction 
reactions. Some of these enzymes have been isolated in highly 
purified form, and it appears that they are composed of two 
parts, a protein and a prosthetic group. In most instances the 
latter contains either flavin mononucleotide (FMN) or flavin 
adenine dinucleotide (FAD). 
In spite of the considerable amount of information that has 
been accumulated, important aspects of the biochemistry of flavin 
enzymes are not well understood. For example, the nature of the 
bonding between the prosthetic group and the protein components 
of flavin enzymes is not definitely established. Also, the 
possible interaction between these enzymes and certain compounds 
of biochemical interest, such as carcinogens, vitamins, and 
agents known to uncouple oxidative phosphorylation from electron 
transfer, has not been adequately evaluated. 
It is possible that carcinogenic agents can react with, 
flavin enzymes. Warburg^ has postulated that a primary stop 
in carcinogenesis is an insult to aerobic respiration, and it 
would be of interest to know whether carcinogenic agents react 
directly with the prosthetic group of flavin enzymes. 
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It is also possible that the mode of action of agents which 
■uncouple oxidative phosphorylation from electron transfer may 
lie in interaction with flavin enzymes. Cooper and Lehninger 2,3 
have isolated flavin-containing polyenzyme systems from rat- 
liver mitochondria -which catalyze the oxidation of ascorbate 
by molecular oxygen in the presence of cytochrome c. Oxi¬ 
dative phosphorylation in this system is uncoupled in the pres¬ 
ence of pentachlorophenol• It would be desireable to know 
whether pentachlorophenol can react directly with flavin nuc¬ 
leotides* 
Within the past few years there have been increasing 
indications that certain vitamins, particularly vitamins S and 
ho 
K, may affect the function in vivo of flavo-proteins. 7 A 
careful evaluation of the possible interaction of these vita¬ 
mins with isoalloxazine compounds in vitro would be of consider¬ 
able interest. 
Later in this thesis it will be shown that in the case of 
the ”old yellow enzyme” of Warburg and Christian there is consid¬ 
erable evidence for the existence of at least two bonds between 
the prosthetic group, FMN, and the protein. It seems clear that 
one of these bonds lies between the phosphoric acid residue of 
FMN and a weakly basic group of the protein. The nature of the 
second bond is not well established. It has frequently been 
suggested that it might be a hydrogen bond, possibly between 
the iraino group in the number three position of the isoalloxazine 
0; r. - . ncioor 2c aboffi or'd ti ■- elri.?ec~ ozLz ox dl 
. . 0jj ■ -• c ' •■■•"- 
, - . .. - ' 
. . -■ : 1 : '• 
. 3o . ' ;• / ' • ' ;• 
■; • • 
£ 
d'T •! • ,; 
■ • .i) ' ■ ‘ IP ' to ' ' 1J ' 
♦ ^ .r-i'OsX 
onx wto •• ■ A"• 
q t SJTfjmjgd'JfcTT ■ 
'•*" . .\’,.iJ’y;c. — ."V * CO OV ' Xv: 00.". 1 • o -• 0-" ■ t•* 
.. j«xv . .. id ■ ... . ^ 4# ; : v 
. . i ; ac. . ££ - - ' '; •;1 
noo:.' 
o .o.J . ■- xtTO' : :-c ‘ Civr d 
o i •. ■• . ' 0 1 '' '• 
•J • ;*< . ’'w 20 GOi Du' 
. 
gjrac o .• r.o iQO'al 
■... .:ru-> woJXov I o'* oxIJ 
ro‘ o: : ' .. 
. . ' ; • '.J > J ?.o*i arid 
. JfSrJ ' ■ 9 '■ 
- 
. on o :/ ;• -rid V. on. 
o ... 'r Dvr r. 1'II 2 
. . , c .si 
t . .J , • ‘r". . DC j.:C 0 J .0 in' 
. . ' r. arid Xfi V" oxiiwi uc - 
-3- 
ring and a hydroxyl group of a tyrosine residue in the protein* 
However* other forms of bonding may be envisioned, such as the 
molecular charge transfer type of bond described by Mulliken"0~~'"o 
The purpose of the present studies was to investigate the 
ability of FMN and related compounds to form complexes with a var¬ 
iety of interactants, some of which might react by means of hy¬ 
drogen - bond formation, while others could react only by differ¬ 
ent means* Among the interactants selected for study were com¬ 
pounds of particular biochemical significance* 
, • 
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HISTORY 
'The first isolation of a flavin-containing pigment is 
attributed to Blyth“' • The compound that he obtained from milk 
in 1879 was called lactochrome, and it was found to have a 
yellow color and to emit a green fluorescence* Lactochrome 
was again isolated from milk by Bleyer and Kallman in 1925>^% 
and in the following decade many similar yellow pigments were 
obtained from a variety of biological materials* Kuhn et 
al*, Koschara, Karrer et al*, von Euler and 
Adler, 25>,2o i^er e-^ aq#3 ^7 sZent Gyorgi et al*^*^ all 
reported the derivation of substances from such materials as 
milk, liver kidney, urine, malt, dandelion flower, egg, hay, 
and fish retinae* 
In 1932 Warburg and Christian^0 reported the isolation and 
some of the properties of a yellow substance from bottom yeast 
which facilitated carbohydrate oxidation by molecular oxygen in 
normally anaerobic ceils* The material was orange-colored and 
had absorbance peaks at wavelengths of h70 and UkO n^i« in the 
visible range of the spectrum* It could not be dialyzed through 
cellophane and was made inactive by heating for ten minutes at 
60°C« The oxidation of carbohydrates was not inhibited by car¬ 
bon monoxide or hydrocyanic acid, consequently the material was 
not thought to be a heme enzyme* This yellow substance could 
be reduced by the Robinson ester to produce a colorless form. 
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an4 subsequently could be reoxidized by shaking in air or mixing 
with methylene blue, with restoration of its original color. 
Further properties were reported later^' The enzyme 
was found to consist of a pigment bound to a protein; the two 
could be separated by shaking in a 1:3 aqueous solution of me¬ 
thanol at 38° G, The protein-free pigment was easily soluble 
in water, had absorbance peaks at 2?0, 3^0, and Lii5 ip,, and 
displayed a green fluorescence. The pigment was found to de¬ 
compose when.placed in alkaline solution and irradiated with 
visible light. The decomposition product was soluble in 
chloroform, and had an empirical formula of ( lumi- 
flavin ) o when heated in barium hydroxide it decomposed further 
to form urea and yellow crystals which had the empirical form¬ 
ula GpHqo^2°2* Protein-free pigment and the pigment-free 
protein separately were enzymica.lly inactive, but activity was 
restored when the pigment was added to the protein, Warburg 
and Christian concluded that the yellow enzyme, later to be 
called the nold yellow enzyme,,, functioned in oxygen transfer* 
In 193U Kuhn and his co-workers 37-UO rep0rted that they 
had isolated water-soluble, nitrogen-containing pigments from 
natural sources of vitamin B2, and that these pigments were 
capable of maintaining growth in animals fed diets deficient 
in vitamin B2* They proposed the group name of "flavins" for 
these pigments, which included ovoflavin and lactoflavin. The 
latter was isolated from the whey of cow’s milk and had an 
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orange-brown color* Its empirical formula was Ovo“ 
flavin was prepared from egg albumin and had the same empirical 
formula as lactoflavin. The properties of the two compounds 
were similar and further observations led to the conclusion 
that they were identical* In the remainder of this dijjortat- 
ion the term ’’riboflavin” will replace the older designations 
for these compounds; this is the terminology now prevalent in 
the United States* 
Later experiments showed that riboflavin could be 
reduced to a colorless form, which Kuhn and his workers thought 
to be a dihydro compound* In addition, riboflavin underwent 
oxidation-reduction reactions similar to those of E^* Finally, 
when riboflavin was subjected to alkaline photolysis, a com¬ 
pound was isolated that had the empirical formula of lumiflavin* 
Because of the mutual decomposition product of these flavins 
and of the prosthetic group of Warburg’s ’’old yellow enzyme", 
Kuhn suggested that the prosthetic group and riboflavin were 
similar if not identical* He further suggested that the 
difference between lumiflavin and riboflavin might be a car¬ 
bohydrate side chain, since the difference between the em¬ 
pirical formulae of the two compounds was 
In 193U Theorem^-' demonstrated by means of electrophor¬ 
esis experiments that riboflavin is not identical with the 
prosthetic group of the "old yellovf enzyme*" The prosthetic 
group migrates strongly to the anode at pH7*2, whereas riboflavin 
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doos not migrate. The same year Theorell /4'4“4<'* was able to pre¬ 
pare a highly purified preparation of the !,old yellow enzyme” 
by electrophoresis at pH He then separated the enzyme 
into its two components by means of fractionation in ammonium 
sulfate at pH >.2. Studies of the prosthetic group revealed 
it to be a flavin-phosphate which was heat-stable, inactive by 
itself, but capable of restoring full enzymic activity upon 
addition to the flavin-free protein moiety of the enzyme. 
Theorell found that the prosthetic group, like riboflavin,would 
decompose when irradiated with visible light in dilute alkaline 
solution, and that the decomposition product was soluble in 
chloroform and had the empirical formula of lumflavin. 
In 193% Kuhn and his co-workers reported that the 
vitamin B2 which they isolated from cow’s milk was actually 
riboflavin-phosphate, as measured by Tlieorell’s electrophor¬ 
esis techniques. In the following year they summarized the 
relative abilities of riboflavin and riboflavin-phosphate to 
act as the prosthetic group of the ’’old yellow enzyme.A 
comparison is shown in Figure ( 1 ). 
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FIGURE ( 1 ) 
Ability of riboflavin to replace FMN as prosthetic 
group of the "old yellow enzyme." Solid line - 
riboflavin, 2.5 mg. $ broken line - riboflavin 30 mg.j 
dotted line - FMN 2,5 mg. 
Several groups of workers began attempts to synthesize 
riboflavin as early as 193li. The laboratories of Kuhn, ^ 
Stern, ^ and Karrer^”^ reported such experiments, and in 
1935 Kuhn and his workersreported that they had syn¬ 
thesized an artificial riboflavin from 1,2-dimethyl-^-amino- 
5-(D-l,-ribityl-amino)-benzene and alloxan, and showed that 







V *T<|jJ p 
•IYi !i1 3 
iT 
o.cd ■ S ■•■ 1' 
- ocil bilog n .aar/,so® 
. 
,• - ' . 
od fcdx;;; 'dtfs SKsataofc lo couc'ig Irs*vs£ 
. E. 
‘ ~ • • ' 
. i+iij j bed'll *'c •-'■ " ‘^scJ-iow uXrf bn* 3&£ 
-aaims~4-X^janifc~StX taotl ninreXiotfil i.sxox’i.WiB afi besiwwid- 
-- '  • 





FIGURE ( 2 ) 
STRUCTURE OF RIBOFLAVIN 
The $5 phosphate derivative of this compound reacted with the 
protein of the "old yellow enzyme" in the same manner as the 
natural prosthetic group and led to the display of a comparable 
degree of enzymic activity. Its fluorescence was lost on link¬ 
age to the protein, and the optical activity of the synthetic 
riboflavin was that of natural riboflavin, as shown by Kuhn and 
Rudy66. 
Since the isolation of Warburg’s "old yellow enzyme" many 
other flavin enzymes have been prepared from natural sources 
and studied* In 1938 Warburg and Christian ^isolated D-amino 
acid oxidase from horse kidney* This enzyme had first been 
studied by Krebs in 1933 •6o’"^^ It also was found to consist of 
a protein and a prosthetic group, each of which ms inactive 
7 2 7l i 
alone."- Similar to the "old yellow enzyme," readdition of 
the prosthetic group to the protein produced an active enzyme* 
The prosthetic group was isolated as the barium salt and found 
to have the empirical formula of C27H0-1O-, [-NgPpBa* It contained 
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one molecule of adenine and two atoms of phosphorus* On acid 
hydrolysis followed by alkaline photolysis, lumiflavin was 
formed* Accordingly the following structure has been proposed: 
N - C N H* 
1 1 K. 
H C C. - 
il II CH 
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FIGUKB ( 2. ) 
STRUCTURE OF FAD 
Warburg and Christian showed that FMti could not replace 
FAD as the prosthetic group in D-amino acid oxidase, but FAD 
would combine with the protein of the I'old yellow enzyme” to 
produce a compound that had an absorption spectrum similar to 
that of the !,old yellow enzyme,11 and which had enzymic activity 
equal to approximately 70% of the activity to be expected from 
corresponding amounts of FMM* They concluded that FIN was an 
artifact; that the prosthetic group of flavin enzymes was FAD* 
However, since that t ime, other flavin enzymes, including cyto¬ 
chrome creductase, L-amino acid oxidase, and glycolic acid 
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oxidase have been isolated from natural sources, and shown to use 
FMN as their prosthetic group* It seems more than likely that 
both forms occur in nature* This has been substantiated by the 
■work of Bessey et al*/0 who analyzed the FMM, FAD, and ribo¬ 
flavin content of tissues and concluded that both FMN and FAD 
occur naturally* 
The details of function of many flavin ensynes in isolated 
systems have been carefully studied, and some of the general 
functions of flavin enzymes have been elucidated* These studies 
have been complicated in some instances by the presence of metal 
ions, whose method of utilization is not well understood* 
At present flavin enzymes can be classified into three 
groups according to their function*^ In the first group are 
the enzymes which mediate rapid electron transfer between a 
metabolite and molecular oxygen, apparently without requiring 
any other agent of electron transfer. Such enzymes are the 
"old yellow enzyme," D-amino acid oxidase, and glucose oxidase* 
The second group includes enzymes which assist electron trans¬ 
fer between reduced DEM or reduced TPM and cytochrome c, This 
may be represented as: 
DFMH ( TPMH H 2CyF<** DPN** ( TPM*) 4- 2CyFe^“h H* 
An example of this type of enzyme is the pyridine nucleotide- 
cy'gochrome c reductases* These enzymes may require the presence 
of certain metal ions, whose role is not well understood. The 
third group is composed of enzymes, such as xanthine oxidases,, 
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and succinic dehydrogenase, which catalyze the oxidation of 
metabolites by various electron acceptors. Here, too, metal 
ions appear to play an essential, if poorly understood, role. 
The details of the mode of linkage of the prosthetic group 
to the protein of the ‘’old yellow enzyme” interested the e arly 
investigators and is not yet definitively settled. Consider¬ 
able evidence points to the fact that one prosthetic group- 
protein linkage is accomplished through the phosphoric acid 
group of FMN. It was shown in figure (1) that the enzymic 
activity of Mold yellow enzyme” protein in the presence of 
comparable amounts of riboflavin or FMN was found to be much 
greater with the latter. The natural prosthetic group is 
riboflavin-phosphate and not riboflavin. More recently, 
77-7 9 
Theorell and Nyg&ard reported that they were able to com¬ 
pare the kinetics of the reactions between FMN .arid protein and 
between riboflavin and protein. The association rate constants, 
dissociation rate constants, and equilibrium constants that 
they determined for these reactions are shown in Table (1). 
It can be seen from this table that FMN is bound much more 
tightly to the protein of the r,old yellow enzyme” than is 
riboflavin. 
In addition to the linkage through the phosphate group, 
interaction must occur also between the protein and the iso- 
alloxazine portion of FMN. That such interaction occurs is 
evident from the fact that free FMN and protein-bound FMN 
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Equilibrium constant (K)* association rate constant 
(k-^), and dissociation rate constant (k«) for the 
reaction of the protein of the ’’old yellow enzyme” with 
FMN and riboflavin, in 1 M glycine buffer, pH 9, at 23° G. 
differ in absorption spectrum, fluorescence spectrum, and 
oxidation-reduction potential. In Figure ( I* ) are compared 
the absorption spectra of free FMN and FMN bound to the protein 
of the ’’old yellow enzyme.”1^ 
The oxidation-reduction potential of FMN and the ’’old 
yellow enzyme” were compared as early as 1936, and found to be 
significantly different: -0.06 volt (E^ at pH 7* SO*0 G.) for 
the ”old yellow enzyme,” and -0.19 volt for FMN.®®”®^ More 
recent determinations®^9gave values of -0.12 volt, and 
-0.22 volt, respectively, but the relationship between the 
potentials of free and bound FMN has remained the same* 
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FIGURE ( h ) 
Absorption spectra of flavin mononucleotide ( dash line ), 
and of the “old yellow enzyme” ( solid line )• 
Kuhn found that the fluorescence of riboflavin is quenched 
in alkaline solution, presumably as a result of titration of 
85 
the 3-imino group* Its fluorescence is also quenched upon 
addition to the protein of the ’’old yellow enzyme^' He 
also found that neither 3-methyl riboflavin nor 3-methyl FMN 
can react with the protein to form an enzymicaHy active com- 
QO 
pound00 and that 3-methyl riboflavin does not increase the 
growth activity of rats fed a diet which is deficient in ribo- 
89 flavin* From these observations it has been concluded that 
there is a bond between the protein of the “old yellow enzyme” 
and the imino group in the number three position of the iso 
alloxazine ring* 
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It should be remembered, however, that the fluorescence 
of the isoalloxazine ring was foimd also to be quenched in 
acid solution, J presumably due to titration of the nitrogen 
in the number ten position. Changing the nature of the car¬ 
bohydrate side chain was found to decrease the activity of the 
prosthetic-group-protein complex, as were shifts of the methyl 
groups from the natural 6,7 positions*u“ Kuhn interpreted 
these observations as reflecting steric effects or alterations 
in the standard potential of the prosthetic group. 
A number of authors have suggested that the link between 
the protein and the isoalloxazine ring is of the hydrogen bond 
type. It was proposed by Geissman7 that the hydrogen bonding 
could involve either the 3- or the 10- positions of the iso¬ 
alloxazine ring, or both. Hydrogen bonding was also suggested 
91 77—79 
by Michaelis. Theorell and Nygaard, ' on the basis of 
kinetics studies with natural and iodinated "old. yellow enzyme," 
concluded that a hydrogen bond links the 3-imino group of the 
isoalloxazine ring to the hydroxyl group of a tyrosine residue 
in the "old yellow enzyme" protein. 
Several groups of investigators have also proposed that 
riboflavin reacts with non-protein molecules by means of hy- 
92 
drogen-bond formation. Yagi and Matsuoka studied the 
reaction of riboflavin with phenol and derivatives of phenol. 
These compounds produce small shifts in the absorption spec¬ 
trum of riboflavin, from which dissociation constants for the 
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various complexes formed could be estimated. They concluded 
that hydrogen-bond formation ■'mas the mechanism of interaction. 
93 9U 
Sakai J investigated the effects of several aromatic com¬ 
pounds on the fluorescence and solubility in water of ribo¬ 
flavin, and concluded that hydrogen-bond formation between the 
3-imino or carbonyl groups of the isoalloxazine ring and the 
interactant accounted for the observed interaction. 
Definitive evidence in favor of the hydrogen-bonding 
hypothesis has, however, never been presented, and other modes 
of interaction might very well be entertained. The present 
studies were undertaken with the aim of collecting information 
that would permit a more adequate evaluation of the various 
possibilities involved. 
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METHODS AND MATERIALS 
Reagents: 
Riboflavin and flavin mononucleotide ( FMN ) were commer¬ 
cial preparations from the California Foundation for Biochem¬ 
ical .Research and -were used without further purification* 
Lumiflavin ( darkens, 338° C; melts, 3b$° C. ) and 3-methyl- 
riboflavin ( m*p* 271-272 ) were prepared by Mrs. Kathryn 
La Noue• 
All interactants, solvents, and buffers were commercial 
preparations, purified as required before use. All aqueous 
solutions were prepared with glass distilled water. Among the 
interactants, pentachlorophenol was used as its potassium 
salt, and the naphthol sulfonic acids were all taken as the 
respective sodium salt. 
Instrumental ion: 
Absorption spectra were determined using a Spectracord 
model 3000 recording spectrophotometer, a Cary model 11 
recording spectrophotometer, Beckman model DU and Zeiss HQ 
II manual spectrophotometers. The Beckman model DU instru¬ 
ment was equipped with a photomultiplier attachment. 
The spectrofluorometer used 17as constructed from two 
Bausch and Lornb grating monochromoters, a Xenon-arc light 
source, a 1P28 photomultiplier tube with a battery power 
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supply (Farrand Optical Co. ) and a Varian Associates model 
G10 recorder. 
Studies requiring temperatures other than room temperature 
were carried out using a Wilkens-Anderson Co. water bath that 
was capable of maintaining temperature to within 0.1°C. of 
the set value. 
Measurements of pH were made with a Photovolt, battery 
operated, pH meter. 
Methods; 
Absorption maxima of flavin solutions lie at slightly 
different ’wavelengths and have slightly different intensities 
than those of solutions containing an interactant in addition 
to the flavin. The difference in intensity can be measured at 
a constant wavelength and is assumed to represent complex 
formation between the flavin and the interactant. Assume the 
following equilibrium: 
(1) Ffl ^ FI 
where F is flavin, I is an interactant, and FI is a flavin- 
interactant complex. The equilibrium constant for this re¬ 
action can be expressed: 
(2) k _ (f) m . 
■ (fit 
Since (F) is equal to (Fq)-(FI) , and (I) is (Io)-(Fl) 
where (F0) is the total molar concentration of flavin, and 
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(IQ) is the total molar concentration of interactant, equation 
(2) can be written as: 
(3) K _ C(F„)-(FI)1 f(IJ-(FI)l . 
(FI) 
But, if (I0) is very much larger than (F0), then (I) is essen¬ 
tially equivalent to (I )* Then: 
(W K _ 
- (FI) 
or: 
(5) (FI) - CZol dj- 
K +TQ 
The following expression can be written for the total ab¬ 
sorbancy (D=l) of two solutions, observed at unit -path length, 
one solution containing flavin at concentration (F ), and the 
other solution containing interactant at concentration (IQ): 
(6) D], = ef(F0) + H(.I0) 
where ep is the molar absorbancy index of flavin and e^ is the 
molar absorbancy index of interactant. A second expression 
can be written for the absorbancy of a single solution con¬ 
taining both flavin and interactant: 
(7) D2 = ef(F) -f* e±(l) + efi(Fl) 
where epq is the molar absorvancy index of the complex FI* 
This can be written, substituting (F0)-(FI) for (F) and (I0)- 
(FI) for (I): 
(8) D2 : ef (F0)-(FI)J + ei[(I0)-(K)j+ ef±(FI). 
Making the same assumption as in equation (3), this expression 
becomes: 
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(?) D2 - ef [(F0)-(FI)] + e± i(I0)j + efi(FI). 
which can be rearranged as: 
(10) D2 = [(efi-ef)] (FI) + ef(F0) i- 9i(I0). 
If one subtracts equation (6) from (10), then: 
(11) D2-Di^ A D ~ (efi-ef) (FI) 
However, (FI) is defined by equation (5)j and if substitution 
is carried out the result is: 
(12) A D _ (efi-ef) (F0) (IQ) 
ir+rrr 
By inverting: 
(U) 1/ a d 
or: 
K + (Ij 
d0) 
(lit) 1/4 D 1 . K_ 
(efi-ef)' (F0) refi-ef) (Fq) (I0) 
It can be seen from equation (lU) that if the interactant 
is present in concentrations much greater than that of the 
flavin, it is possible to estimate the dissociation constant 
of the complex by plotting the reciprocal of the change in 
absorbancy at fixed wavelength (1/A D) against the reciprocal 
of the concentration of the interactant (l/l ), at fixed total 
concentration of flavin* The spectra of riboflavin, and of 
riboflavin in a 0*06 M solution of pentachlorophenol are given 
in Figure (5)* The relationship of the concentration of penta¬ 
chlorophenol to (1/ A D) is given in Figure (6)* 
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Two types of experiments were carried out* In the first 
type a large number of interactants were screened to see which, 
if any, would form a complex with the flavin, as revealed by a 
shift in flavin spectrum* In this case only one concentration 
of interactant was used* The following procedure was followed 
in such experiments* The spectrum of the flavin was recorded, 
using one of the double beam recording spectrophotometers, Tilth 
either buffer or solvent in the reference cuvette. The spec¬ 
trum of interactant would then be recorded using the same 
reference material* Finally the spectrum of a solution con¬ 
taining the same total concentrations of flavin and inter¬ 
actant as above would be recorded. A reference solution of 
interactant equal in concentration to that of the flavin- 
interactant solution was used* The resulting spectrum could 
be compared to that of the flavin alone; any difference was 
attributed to complex formation* 
The second type of experiment ms essentially an exten¬ 
sion of the first* Several concentrations of interactant 
were studied so that an apparent dissociation constant could 
be calculated* A manual spectrophotometer was used to make 
the absorbance determinations, since it ms felt that the 
manual instrument, in most cases the Zeiss model P13Q II, 
afforded more accurate measurement. 
The dissociation constant of the pentachlorophenol-ribo- 
flavin complex was determined also by a fluorometric method* 
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Pentachlorophenol quenches the fluorescence of riboflavin in 
aqueous solution end at a constant concentration of ribo¬ 
flavin the amount of quenching was found to be proportional 
to the concentration of pentachlorophenol present. Weber ? 
has shown that an expression relating the intensity of fluor¬ 
escence to the concentration of quencher can be derived as 
follows* Assume the foflowing equilibrium: 
(15) F -t Q $=> FQ 
where F is a flavin that fluoresces, Q is a quencher of this 
fluorescence, and FQ is a complex formed by the flavin and the 
quencher* If (F0) is the total concentration of the flavin, 
(Q0) the total concentration of the quencher, and (FQ) the con¬ 
centration of the complex, which has a degree of dissociation 
, then (F), the free concentration of flavin, is given by: 
(16) (F) = (F0) 
and: 
(17) (FQ) a (1 - «< ) (F0) 
If (Q) represents the concentration of the free quencher, then: 
(18) (Q) ~ (Qq)-(FQ) 
or: 
(1?) (Q) s (Q0) - (1-* ) (Fq) 
If (F0) is very small with regard to (Q ), then: 
(20) (Q) = (Qo) 
Now, if the expression for the equilibrium constant of equation 
(16) is written: 
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(21) K _ (II (Ql 
then: 
(22) K - £F0)„ (QJ 
(1- «l } (Fq) 
or: 
(23) K - (Q0) 
”1 
It is assumed that only free flavin molecules can fluoresce, 
therefore: 
(2U) * - I/I0 
-where I0 is the intensity of fluorescence of flavin in the 
absence of quencher, and I is the intensity of fluorescence of 
flavin-quencher solutions* By substituting equation (2I4.) 
into (23): 
(25) 
and by rearran^ecient: 
(26) iQai „ Xq_ -1 
K ~ ’ 1 
It may be seen from equation (26) that if the ratio of the 
fluorescence intensity of riboflavin, to that of riboflavin- 
pentachlorophenol mixtures, less unity, is plotted against the 
concentration of pentachlorophenol, that then a straight line 
is obtained, the reciprocal of the slope of -which is equivalent 
to the dissociation constant of the complex* The concentrat¬ 
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Determination of the dissociation constants at two temp¬ 
eratures, 37*6° G. and 6.3° C., permitted the estimation of the 
A H of the dissociation of the riboflavin-pentachlorophenol 
complex. Solutions of riboflavin and pentachlorophenol were 
prepared as above for the estimation of the dissociation con¬ 
stant of the complex, using the absorption spectroscopy 
technique. These solutions were placed in the water bath 
and allowed to equilibrate for more than thirty minutes • The 
flavin solutions were then serially decanted into an approp¬ 
riate cuvetoe, and allowed to equilibrate for another ten min¬ 
utes. Hie cuvette containing the flavin solution was then 
placed in the sample compartment of the Zeiss spectrophoto¬ 
meter, and the absorbance measured within twenty seconds 
against the appropriate pentachlorophenol-containing reference 
solution. 
There was no significant variation in absorbancy of penta¬ 
chlorophenol over the temperature range studied, and conseq¬ 
uently the temperature of the reference solutions was not 
rigidly controlled. The temperature of the riboflavin- penta¬ 
chlorophenol solutions was followed and found not to be constant 
after the solution was placed in the spectrophotometer sample 
compartment. The change in temperature with time was deter¬ 
mined, and from this the temperature at which readings were 
made was found by making all readings exactly twenty seconds 
after removing the cuvette from the water bath. The time- 
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temperature relationship at high and low temperatures is given 
in Table (2)® 
TABLE (2) 
Relationship of Temperature of Cuvette to Time 
Elapsed after Removal from Water Bath 
Time elapsed Temperature of cuvette,°C. 
Seconds High Lotit 
0 38*3 5.9 
10 38.1 6.1 
20 37.6 6.5 
30 37.1 7.1 
bo 36.6 7.8 
50 36.3 8.U 
60 36.0 9.0 
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HESULTS AMD DISCUSSION 
As has already been discussed, several investigators have 
postulated hydrogen bonding as the mechanism by which the iso¬ 
alloxazine ring reacts with the protein of the "old yellow 
enzyme," and also with a number ox non-protein molecules. 
77_,79 
Theorell and Nygaard have suggested that in the "old 
yellow enzyme" the 3-i^dno group of the isoalloxazine ring is 
linked by this means to a hydroxyl group of a tyrosine residue 
of the protein. 
In the present investigation the reaction of isoalloxazine 
derivatives with a series of interactants was studied, both in 
aqueous and in non-aqueous solvents, to determine what struc¬ 
tural features influence such reactions. The interactants 
studied were selected on the ba.sis of potential hydrogen-bond 
forming properties, properties favoring other mechanisms of 
interaction, and on the basis of their possible biological 
significance. Included were aromatic amino acids; caffeine, 
which is of interest in regard to interaction of isoalloxazine 
with purines; pentachlorophenol, which is of interest in regard 
to the uncoupling of electron transfer from oxidative phosphory¬ 
lation; carcinogenic hydrocarbons; and certain vitamins thought 
to function biologically at the flavoprotein level of the eJ.ec- 
tron transport chain. The selection of compounds in this group 
was also affected by the properties of solubility, spectroscopic 
properties, and availability. 
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Compounds that were soluble only in non-aqueous solvents 
were included for several reasons* Some materials which have 
significant biological activity are not sufficiently soluble 
in water to permit their study in aqueous systems. The same is 
true for other compounds that show extensive conjugation* Finally, 
it would be expected that non-aqueous solvents would present less 
interference in flavin-interactant complex formation if hydrogen 
bonding were the mechanism of interaction. It is sometimes 
argued that non-aqueous systems are not physiologically sig¬ 
nificant, but, of course, many in vivo reactions occur in non- 
aqueous phases* 
The first system that was studied in aqueous solution may 
be represented as follows: 
FMN *4” phenol FMN-phenol complex* 
Yagi and Matsuoka have studied a similar system, involving 
riboflavin and phenol, and have estimated the dissociation 
constant for their system to be 0.21 Mol/l* at 20° C* jn 
the present studies it was found that addition of phenol to a 
solution of FMN caused a shift in the absorption spectrum of 
FMN, but the magnitude of the shift was too small to permit 
accurate estimation of the dissociation constant. It is 
possible to say that the order of magnitude of the dissociation 
constant found here is the same as that of the ribofLavin-phenol 
system of Yagi* 
Subsequently, other compounds were examined in aqueous 
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solution • In some cases, the observed shift in spectrum 
produced by addition of interactant was not large, and dissoc¬ 
iation constants were not determined for these interactants. 
Data for these systems are given in Table (3)« Other inter¬ 
actants produced shifts in the flavin spectrum which were 
favorable to the determination of apparent dissociation con¬ 
stants. Data for these systems are listed in Table (I;). Some 
of the information presented was obtained by other investig¬ 
ators in this laboratory, and has already been published*7 
Of particular interest are the reactions of various inter¬ 
actants with 3-methyl-riboflavin, which was prepared for the 
specific purpose of determining the importance of the hydrogen 
atom at the 3-nmLno position. The 3-methyl derivative should 
not undergo complex formation with interactants devoid of 
hydrogen-donor groups if hydrogen bonding at this position is 
the mechanism of interaction with the isoalloxasine ring. It 
is apparent that in several of the systems examined there is 
no possibility of hydrogen-bond formation. It Is also seen 
that in all instances the degree of interaction between flavin 
and interactant bears more relationship to the extent of Inter¬ 
actant conjugation than to potential hydrogen-bond formation 
properties. 
Among the compounds studied in aqueous solution, penta- 
chlorophenol lent Itself well to intensive examination. The 
biological significance of this compound was reviewed in the 
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1A3LS (3) 
Change in Absorbancy Produced by Various Interactants. 
Determinations were carried out in acetate buffer, pH 
Il.3, ionic strength 0.2, at 23° G. / 0.5° C* 










orcinol 0.100 3.3 x 0.03U 
p-chlorophenol 0.100 
-5 
3.3 X 10 ^ 0.02U 
phenylene diamine 0.100 
-5 
3.3 x 10 " 0.012 
m-amino-phenol 0.125 
-5 
3.3 x 10 ^ 0.011 
p-hydroxy-aceanilide 0.100 3.3 X lO"'" 0.031 
m-nitrophenol 0.050 3.3 x 10"° 0.013 
p-methoxyphenol 0.100 3.3 x 10“^ 0.02U 
wavelength 500 mu 
2-naphthol-6- 
sulfonic acid 0.010 3 X 10“^ 0.102 
2-naphthol-8- 
sulfonic acid 0.050 3 X 10"^ 0.098 
l-naphthol-U- 
sulfonic acid 0,010 3 X 104t 0.100 
l-naphthol-5- 
sulfonic acid 0.005 3 X 10~L 0.110 
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Apparent Dissociation Constants 





naphthoate X X X 
5-io pentachlorophenol X 
Anthraquinone-1- 
sulfonate X 
2-Waphthoate X X X 
Anthraquinone-2,6- 
disulfonate X 
10-50 p-Methoxycinnamate X 
p-Kydroxyc innamate X 
Cinnamate X X X 
L-Tryptophan X X 
Caffeine X X X 
over 50 Anisate X X X 





ester X X 
Benzoate X X X 
L-Phenylalanine X 
1,U-Benzoquinone X 
This table is taken, in part, from: Harbury and Foley, Proc. 
Wat, Acad. Sci. UU, 662, (1958), 
**. X marks denote systems studied. 
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introduction to this thesis, 'where it was pointed out that penta- 
chlorophenol is capable of uncoupling oxidative phosphorylat- 
% 
ion from electron transfer in flavin-containing, multi-enzyme 
systems.'~’,", It is possible that the mechanism of action of this 
compound in vivo involves interaction with the prosthetic groups 
of flavin enzymes* The apparent dissociation constant for the 
riboflavin-pentachlorophenol complex at room temperature (23° C* 
plus or minus 0*5° C.) was found to be X 10~^ Mol L* 
Data are given in Table (3) and figure (6), 
An estimation of the of the dissociation reaction was 
made, using the equation: 
lQg10 _ Ji ( T2 - Tq ) 
Ki ^ 2*303 R T2 Tq 
The dissociation constant for the complex was determined at 
37*6° c. and at 6*?° C*, using the absorption spectroscopy 
3 
technique• 4 H was calculated to be 1*96 X ICr cal. Data are 
given in Figure (7) and Table (6)* 
Pentachlorophenol was found to quench the fluorescence of 
riboflavin in aqueous solution. This was taken as further evi¬ 
dence for complex formation between these tiro compounds* The 
dissociation constant, as determined from the fluorometric data 
given in Table (7) and figure (8), was found to be 2*17 X 10“^ 
Mol l."1 
The value of continuing these studies in non-aqueous 
solutions becomes apparent when one recognizes that a large 
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FIGUHE (j?) 
Spectra of Riboflavin in the 
Absence and Presence of 
Pentachlorophenol 
Solid line, riboflavin, 8 X 10"*5 M in aqueous, unbuffered 
solution, pH 8, 23° C., vs. water; broken line, riboflavin, 
8 X 10"5 M in aqueous solution containing 6 X 10"- M penta- 
chlorophenol, unbuffered, pH 8, 23° C., vs. pentachlorophenol 
at same concentration, pH, and temperature® 
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Experimental Data Used to Prepare 
Figure (6) 
Pentachlorophenol 





















0.717 0.262 3.83 
O.769 0.210 Is-. 7 6 
0.790 0.189 5.2 9 
0.855 0.124 8.07 
O.89U o.o85 11.76 
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FIGURE (6) 
Reciprocal of Change in Absorbancy at 
I4J4.8 mil. as a Function of Reciprocal of 
Interactant Concentration 
Flavin is riboflavin, 8 X 10"r> M; interactant is pentachloro- 
phenol, in unbuffered aqueous solution, pH 8, 23° C* 
Experimental data are given in table (5)* 
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FIGURE ( 7 ) 
Determination of Dissociation Constants 
for the Pentachlorophenol-RIboflavin 
Complex at 37.6° C. and 6,5° C® 
Riboflavin 
pH 8j Q , 
table (6). 
concentration, 8 X 10"^ M, unbuffered solution, 
37*6° C.; A i 6®5° C. Data are given in 
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Effect of Pentachlorophenol on the Fluorescence 















0.0 7.3 78.3 71.0 1 
0.101+2 8.5 none 
0.0101+2 8.5 17.3 8.8 8.07 
0.005210 8.1 28.6 20.5 3.U6 
0.002605 k.9 36.6 31.7 2.25 
0.001303 U.8 U5.5 1+0.7 1.57 
0.000651 1+.8 55.2 50.1+ 1.4l 
Column U was prepared by subtracting corresponding figures of 
column 2 from column 3» Column 5 was prepared by dividing corres- 
ponding figures in column U into the uppermost figure of this 
column, which represents IQ. Figure (8) was prepared by plotting 
the figures of column 5 against the corresponding figures in 
column 1# 
c 
Riboflavin concentration is 1.9 X 10"’"' M. Solution is un~ 
buffered, pH 8, 23° G.; wavelength of exciting radiation, 
373 mu; wavelength at which fluorescence was observed, 530 mu. 
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FIGURE (8) 
Relative Fluorescence Intensity as a 
Function of Concentration of Interactant 
Flavin is riboflavin, 1*9 X 10"° Mj interactant is penta- 
chlorophenol; solution is unbuffered, pH 8, 23° C.; wave¬ 
length of exciting radiation, 373 rap; wavelength at which 
fluorescence -Mas observed, $30 rap. 
Data are given in Table (7). 
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number of compounds, which have great biological interest or 
are extensively conjugated, become accessable. In initiating 
such studies it was desired to compare the apparent dissoc¬ 
iation constants of an interactant-flavin system in aqueous 
and in non-aqueous solution* 3-hydroxy-2-naphthoic acid was 
selected for this comparison study* The comparison was carried 
97 
out in these laboratories by Paul A. Loach.7 It was found 
that the dissociation constant in 95% ethanol was some 200 
times greater than that in aqueous solution. 
Tito possible explanations were entertained for this fact* 
Conceivably the flavin could polymerize in non-aqueous sol¬ 
ution. Alternatively, the solvent might be interacting with 
the flavin. To check the first possibility, the absorption 
spectra of flavin solutions were determined at different con¬ 
centrations by Mr. Loach. The optical pathlength was varied 
inversely with the flavin concentration, and ranged from 0.1 
mm. to 10 cm. Providing no polymerization occurred, the molar 
absorbancy should not change with the concentration. It was 
found, indeed, that no polymerization occurred in the solvents 
examined over the range of flavin concentrations used in the 
studies of complex formation. Riboflavin, in water solution, 
did not polymerize until the concentration was greater than 
10“d- 119 and lumiflavin, in dimethyl formamide, did not poly¬ 
merize at concentrations up to 10“- M* It was concluded that 
polymerization did not account for the decrease in complex 
- 
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formation seen in non-aqueous solutions. 
To evaluate the possibility that the solvent might be inter¬ 
acting with the flavins, flavin absorption spectra were deter¬ 
mined in a variety of solvents. The solvents can be classified 
into four groups as is shown in Table (8). The effect of the 
first three types of solvent is illustrated in figure (9)* It 
can be seen that the spectrum of riboflavin is markedly changed 
in the various solvents, depending on whether the solvent 
interacts with riboflavin by means of hydrogen-bond formation 
or whether a molecular charge transfer type of bond occurs. The 
change in riboflavin spectrum, as it is determined in each of 
the solvents listed in group four of this table, indicates the 
occurence of increasing molecular charge transfer type of inter¬ 
action as the solvent is changed from methanol to benzyl 
alcohol. It is also interesting to compare the spectra of 
riboflavin as observed in molten phenol and in anisol. In the 
former solvent, where there is a possibility of hydrogen-bond 
formation as well as molecular charge transfer type interaction, 
the spectrum resembles that of the riboflavin-phenol complex 
studied in water solution. In anisol, on the other hand, only 
charge transfer type of interaction can occur, and the spectrum 
observed is similar to that found in benzene and other strong 
molecular-charge-transfer solvents• 
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TABLE (8) 
Comparison of Effect of Solvent on Spectrum of Riboflavin 
Group I Group II Group III Group IV 
phenol pyridine chloroform methanol 
anisol dimethyl formamide ethanol 
diphenyl ether dimethyl acetamide isoamyl alcohol 
tetralin 
benzene 
dibutyl phthalate benzyl alcohol 
Group I contains solvents that react with riboflavin by means of 
hydrogen-bond formation. Group II contains solvents that inter¬ 
act with riboflavin by means of strong molecular charge transfer 
interaction while group III solvents react similarly, but less 
strongly* Group IV contains certain alcohols, whose mechanism 
of interaction is predominantly by means of hydrogen-bond form¬ 
ation, but which display increasing molecular charge transfer 
interaction as one goes from methanol to benzyl alcohol. 
The effect of representative solvents on the spectrum of ribo¬ 
flavin is illustrated on figure (9). 
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FIGURE (9) 
Qualitative Comparison of the Absorption 
Spectra of Riboflavin in later, in Benzene, 
and in Dimethyl Acetamide 
Solid line, riboflavin in benzene solution; broken line 
riboflavin in N, N dimethyl acetamide solution; dotted 
line, riboflavin in water solution. 
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Although non-aqueous solvents compete with added interactants 
in flavin-complex formation, the interaction of flavins with 
compounds of biological interest, not soluble in water, could 
be evaluated qualitatively. The results are given in Table (9)* 
It can be seen from this table that all but two of the com¬ 
pounds studied showed evidence of complex formation with either 
lumlflavin or riboflavin. Dibenzanthracene produced the largest 
change in flavin spectrum, followed by 3-methyl cholanthrene 
and chrysene in order* All of these three compounds have been 
shown to be extremely potent carcinogens in animal studies, but 
it is of interest to note that 3-methyl cholanthrene is prob- 
98 
ably mo e potent than dibenzanthracene* 
Of the vitamins of interest, interfering spectroscopic 
properties prevented the study of all but one, -tocopherol 
acetate. It may be seen from table (9) that with this com¬ 
pound a relatively large change in the flavin spectrum was 
seen. Significant complex formation between flavins and Q! - 
tocopherol acetate might well occur in vi.vo. 
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TABLE (9) 
Effect of Interactants in Mon-aqueous Solvents on 
the Absorbancy of Flavin Solutions at I4I18 mp. 




naphthoic acid 0.100 





















riboflavin 0.0U8 0.102 
riboflavin 0.00U 0.083 
lumiflavin 0.020 0.21L 
lumiflavin 0.013 0.316 
lumiflavin 0.023 0.03U 
lumiflavin 0.0U0 1.110 
riboflavin 0.006 0.019 
riboflavin 0.002 0.006 
riboflavin none 
riboflavin O.Olii 0.030 
riboflavin 0.022 0.079 
riboflavin none 
lumiflavin 0.013 0.100 
* In these determinations the concentration of flavin and interactant 
varied. For purposes of comparison, the observed change was correc¬ 
ted as follows: 
Corrected change in «. Observed change X_0+1000 _ 
flavin absorbancy "interactant concentration 
X_ 1+000 
absorbancy at LIiTB- mu. 
•JHc In systems that included riboflavin, the solvent was 933 ethanol. 
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SUHuLcI and conclusions 
The interaction of riboflavin, 3-methyl-riboflavin, FIN, 
and lumiflavin with a variety of ligands was studied in both 
aqueous and non-aqueous solutions. Among the interactants were 
compounds that might form complexes by means of hydrogen-bond 
formation, and also compounds that could form flavin complexes 
only by other modes of interaction. The substances studied 
included carcinogens, vitamins, aromatic amino acids, purines, 
and agents known to uncouple electron transfer from oxidative 
pho s phorylation• 
The results of these investigations indicate that hydrogen- 
bond formation is not the primary mode of interaction between 
the various isoalloxazine derivatives and ligands studied. 
Rather, they suggest that molecular charge transfer may be a 
more important feature of this interaction. The interaction of 
lumiflavin with carcinogens and with -tocopherol acetate 
observed in non-aqueous solution, and the interaction of ribo¬ 
flavin with pentachlorophenol observed in aqueous solution 
suggest that analogous Interactions might occur in vivo* 
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